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A b a t r a c t
I n an orthogonal thin film magnetometer a d r i v i n g f i e l d o r i e n t e d i n t h e p l a n e of a permalloy film along its h a r d -a x i s , s a t u r a t e s t h i s f i l m~p e r i o d i c a l l y i n p o s i t i v e and negative direction.
On r e t u r n from s a t u r a t i o n a n d i n absence of a m a g n e t i c f i e l d component a l o n g t h e easy-axis, the magnetization i n 50% of t h e f i l m w i l l r o t a t e c l o c k w i s e a n d i n t h e r e m a i n i n g 50% a n t i c l o c k w i s e g i v i n g rise t o domain formation.
With a n e a s y -a x i s f i e l d component Hm, more t h a n 50% w i l l r o t a t e . i n a sense determined by Hm and a n e t magnetization Mm w i l l b e p r e s e n t as t h e d r i v e f i e l d goes through zero.
H, is measured by d e t e c t i n g Mm. In previous proposals M, , , is d e t e c t e d i n d u c t i v e l y . we p r o p o s e t h e a p p l i c a t i o n of t h e a n i s o t r o p i c magnetor e s i s t a n c e e f f e c t by m e a s u r i n g e i t h e r t h e p l a n a r H a l l v o l t a g e o r t h e r e s i s t a n c e of t h e f i l m w i t h t h e dcc u r r e n t a t r e s p e c t i v e l y Oo o r 45O t o t h e e a s y -a x i s .
E x p r e s s i o n s f o r t h e s e n s i t i v i t y of b o t h t h e i n d u c t i v e and the magnetoresistive detection methods a r e d e r i v e d , showing t h a t t h e m a c j n e t o r e s i s t i v e method behaves b e t t e r under miniaturization.
With a 1 c m square permalloy film, using phases e n s i t i v e d e t e c t i o n of t h e p l a n a r H a l l v o l t a g e , synchronously with the third harmonic of the drive frequency, 3x10-5 v m/A s e n s i t i v i t y and 0.01 A/m resolution have been obtained.
Introduction
Many s e n s o r s f o r m e a s u r i n g m a g n e t i c f i e l d s t r e n g t h i n the range 10-3..100 n / m are known. The normal H a l l e f f e c t can be used i f ( b u l k y ) f l u x -c o n c e n t r a t o r s a r e employed [I] . Many types of fluxgate magnetometers 121 and t h i n f i l m magnetometers using inductive detection (31 have been described. If these magnetometers have t o be m i n i a t u r i z e d , r a t h e r h i g h d r i v e f i e l d f r e q u e n c i e s must be used. on the other hand the anisotropic magnetoresistance effect can be used. To a c h i e v e t r u e vector-performance with this type of magndtometer however r a t h e r a c c u r a t e d c -b i a s f i e l d s must be a p p l i e d
[41 .
we propose the combination of a well-known orthogonal t h i n f i l m magnetometer p r i n c i p l e [51 , [61 w i t h d e t e c t i o n by means of t h e a n i s o t r o p i c m a g n e t o r e s i s t a n c e e f f e c t .
I n a n o r t h o g o n a l t h i n f i l m magnetometer a d r i v i n g f i e l d
Ha, o r i e n t e d i n t h e p l a n e of a permalloy f i l m along its h a r d a x i s , s a t u r a t e s t h i s f i l m p e r i o d i c a l l y i n p o s i t i v e a n d n e g a t i v e d i r e c t i o n .
On r e t u r n from s a t u r at i o n and i n absence of a m a g n e t i c f i e l d component along the easy-axis, the macjnetization in 50% of t h e f i l m w i l l r o t a t e c l o c k w i s e a n d , i n t h e r e m a i n i n g 50% a n t iclockwise g i v i n g rise t o domain fdrmation.
With an easy-axis f i e l d component, which i s t h e f i e l d t o be measured Hm, more t h a n 50% w i l l r o t a t e i n a s e n s e determined by Hm and a net magnetization M, w i l l be p r e s e n t as the d r i v e f i e l d goes through zero. Figure 1 Manuscript received March 2, 1984.
Work p a r t i a l l y s u p p o r t e d by: c e n t r e f o r Micro E l e c t r o n i c s Twente, Enschede, the Netherlands.
shows t h i s m a g n e t i z a t i o n component as a f u n c t i o n of Hm.
The slope and range of the curve are determined by t h e c h a r a c t e r i s t i c s of t h e m a g n e t i c a n i s o t r o p y i n t h e f i l m (mean a n i s o t r o p y f i e l d and angular dispersion). 
Hm can be measured by d e t e c t i o n of Mm. In proposals p r e s e n t e d u n t i l now M, , , i s d e t e c t e d i n d u c t i v e l y . W e propose t o e x p l o i t t h e a n i s o t r o p i c m a g n e t o r e s i s t a n c e e f f e c t t o do t h i s .
Method of detection
When a c o n s t a n t c u r r e n t I i s a p p l i e d p a r a l l e l t o , t h e g e o m e t r i c a l a x i s ( l e n g t h )
of a suitable ferromagnetic s t r i p , t h e a n i s o t r o p i c m a g n e t o r e s i s t a n c e -mr-e f f e c t m a n i f e s t s i t s e l f i n two ways: 1 ) a change i n t h e v o l t a g e a c r o s s t h e l e n g t h o f t h e s t r i p ( t h e magnetor e s i s t a n c e -m-e f f e c t i n a narrower sense), and 2 ) a v o l t a g e a c r o s s t h e w i d t h of t h e s t r i p ( t h e p l a n a r H a l l -PH-e f f e c t ) .
For optimum s e n s i t i v i t y of t h e d e v i c e , t h e e a s y -a x i s of magnetization must make a 450 angle with the direct i o n of c u r r e n t ( s t r i p -a x i s ) i n t h e MR-case and a Oo a n g l e i n t h e PH-Case ( f i g u r e 2 ) .
Figure 2: sensor layout: a ) p l a n a r H a l l e f f e c t , b) magnetoresistance effect.
I n t h e s e c o n f i g u r a t i o n s , "domains" r o t a t i n g i n o p p o s i t e d i r e c t i o n s w i l l give contributions of o p p o s i t e p o l a r i t y t o t h e o v e r a l l PH o r h v o l t a g e , Vm. Figure 3 d i sp l a y s t h i s v o l t a g e d u r i n g
one period of the drive-field.
As can be seen from t h i s f i g u r e , t h e f i r s t and t h i r d harmonic of the drive-field frequency are prominently p r e s e n t i n t h e o u t p u t s i g n a l , h a v i n g a b o u t e q u a l amplitudes. The t h i r d harmonic however is p r e f e r r e d f o r detection, because a first harmonic component can be g e n e r a t e d a l s o by inductive coupling between drive-and o u t p u t -c i r c u i t of the sensor.
where 
Sensitivity
The s e n s i t i v i t y of the device can be derived with the a i d of a simple dispersion model: t h e a n i s o t r o p y f i e l d i s uniform throughout the film (no magnitude dispers i o n ) a n d t h e a n g u l a r d i s p e r s i o n of the easy-axis shows a normal d i s t r i b u t i o n h a v i n g a s t a n d a r d d e v i a t i o n uff.
For the magnetization Component M, can be derived171 :
where: 9 =
t h e n o r m a l i s e d o r t h o g o n a l s u s c e p t i b i l i t y 10 = t h e i n i t i a l value of x1 Ms
= t h e s a t u r a t i o n m a g n e t i z a t i o n of t h e f i l m .
For l o w f i e l d s Hm t h e s e n s i t i v i t y i s . l a r g e s t and Mm can be approximated by:
The amplitude of Vm is p r o p o r t i o n a l t o M,/Ms:
A t s a t u r a t i o n (Mm = Ms):
T h i s r e s u l t c a n be compared t o t h e s e n s i t i v i t y i n t h e casq of i n d u c t i v e d e t e c t i o n . The v o l t a g e i n d u c e d i n t h e d e t e c t i o n c o i l
is:
where: where: f = drive-field frequency.
e m a g n e t i c f i e l d g e n e r a t e d a t t h e f i l ml o c a t i o n by a u n i t c u r r e n t t h r o u g h we coil, G = a dimensionless factor depending on r = a t y p i c a l c o i l d i m e n s i o n , N = t h e number of t u r n s o f t h e c o i l , po = t h e p e r m e a b i l i t y of vacuum
For a comparison of both detection methods t h e s i g n a l power, a v a i l a b l e t o a well matched a m p l i f i e r i n p u t , should be considered. For t h e g e n e r a l m a g n e t o r e s i s t i v e d e t e c t i o n we f i n d : (11) where: F' = F ' ( w / l , s / l ) , a dimensionless factor, depending on sensor-geometry, ( 1 2 )
The power-ratio:
'mr _ -
P f 2 Ms2 G' Q i s p r o p o r t i o n a l t o r/Q, where t h e t y p i c a l c o i l dimension r can be s c a l e d w i t h a linear film-dimension. From t h i s dependence, we can see t h a t t h e magnetor e s i s t i v e d e t e c t i o n method behaves favourably under m i n i a t u r i z a t i o n , compared t o t h e i n d u c t i v e method.
Up till now, our experiments have concentrated (for h i s t o r i c a l r e a s o n s ) on t h e a p p l i c a t i o n of t h e p l a n a r H a l l e f f e c t . A s can be seen from a comparison of ( 7 a ) a n d ( 7 b ) , f o r a given permalloy film area a much l a r g e r s e n s i t i v i t y c a n be obtained by u s i n g t h e magnetor e s i s t a n c e e f f e c t , which h a s t h e a d d i t i o n a l a d v a n t a g e t h a t a smaller c u r r e n t i s r e q u i r e d t o r e a l i z e a given c u r r e n t -d e n s i t y . I n t h i s case a trade-off must be made between s e n s i t i v i t y and drive-field requirements, 
Experimental
Permalloy (NiglFelg) films of 10x10 mm and 50 nm t h i c k n e s s have been prepared by both vacuum evaporation and sputtering. Measurements have been made u s i n g t h e p l a n a r H a l l e f f e c t . D r i v e -f i e l d f r e q u e n c y was i n t h e o r d e r of 100 Hz. For J = 2x108 Mm2, Hk = 430 A h , Q= 0.038 ( 2 . 2 0 ) , Ap= 5 . 8~1 0 '~ Rm, w = 10 m, a s e n s i t i v i t y Vm/Hm = 130 pv m/A was found. From ( 6 a ) t h e t h e o r e t i c a l v a l u e f o r t h e s e n s i t i v i t y is found t o be 167 pv m/A. The discrepancy with the measured value might be explained by t h e a n g u l a r d i s p e r s i o n n o t having a normal d i s t r i b u t i o n . By m u l t i p l y i n g t h e H a l l v o l t a g e Vm with a square wave with three times the drive-frequency and f e e d i n g t h e r e s u l t t o a low-pass f i l t e r having a 0.1 s t i m ec o n s t a n t , t h e t h i r d and related higher harmonics c o n t a i n e d i n Vm were d e t e c t e d , g i v i n g a f i n a l s i g n a l
Vs. Figure 4 shows a recorded example.
n.. Figure 4 : F i n a l s i g n a l v e r s u s e a s y -a x i s f i e l d .
I Hm
I n t h e r e l a t i o n between vm and H, h y s t e r e s i s ( n o t v i s i b l e i n f i g u r e 4 ) h a s been observed which by increasing the drive-field amplitude could be reduced t o less t h a n t h e d e t e c t i o n l i m i t of about A h .
I n g e n e r a l f o r o u r s p u t t e r e d f i l m s a d r i v e -f i e l d amplitude of 1000 A/m was s u f f i c i e n t t o do t h i s : t h e evaporated films needed much l a r g e r d r i v e -f i e l d s and showed l a r g e i n d i v i d u a l d i f f e r e n c e s . The occurrence of h y s t e r e s i s i m p l i e s t h a t some p a r t s of t h e f i l m a r e n o t s a t u r a t e d by t h e d r i v e -f i e l d . T h i s could be due t o l a r g e l o c a l d e m a g n e t i z i n g f i e l d s a t t h e f i l m e d g e s o r t o d i s p e r s i o n of t h e magnitude of anisotropy. A s films with equal dimensions (and consequently equal demagnetizing fields)
show l a r g e d i f f e r e n c e s i n t h e i r h y s t e r e s i s b e h a v i o u r , a t l e a s t a p a r t of t h e h y s t e r e s i s i s a s c r i b e d t o magnitude dispersion. A s we do not have a t our disposal an independent method f o r measuring t h i s d i s p e r s i o n , w e could not yet confirm this supposition experimentally.
Conclusion
A s an a l t e r n a t i v e d e t e c t i o n method f o r o r t h o g o n a l t h i n f i l m magnetometers, use of t h e a n i s o t r o p i c magnetor e s i s t a n c e e f f e c t i s proposed. using this method, s e n s i t i v i t y is independent of drive-field frequency and t h e need f o r a d e t e c t i o n -c o i l i s obviated. This detection method has been shown t o behave b e t t e r under miniaturization than the inductive method. Compared t o o t h e r m a g n e t o r e s i s t i v e s e n s o r s , t h i s magnetometer shows v e c t o r -s e n s i t i v i t y w i t h o u t t h e need f o r c a r e f u l l y a d j u s t e d b i a s -f i e l d s ; f u r t h e r m o r e o f f s e ttrimming i s not required.
However, alignment of t h e d r i v e -f i e l d w i t h t h e h a r d -a x i s of t h e f i l m is q u i t e c r i t i c a l .
Hysteresis, varying with the permalloy deposition method and decreasing with increasing drive-field amplitude, has been observed. This phenomenon is p r o v i s i o n a l l y a s c r i b e d t o d i s p e r s i o n i n t h e magnitude of the anisotropy.
